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Inttoduction

Thereas @ pacat deal of need for accuate differential ¢ oss sections (DCS's) associated wi 1
clechion impact excitation of various atomic and moleeular speeies. These eross seetions are needed
for modeling o various plasma systems (rangimg, fiom lasers ar d natenal processing plasmas (o
planctary and astiophysical plasmas) and for puiding development of theoretical and computational
schanes 1 need is especially acute in the low, ncat threshold impact encagy egion where, due
(o experimental difficaltics, the available data basc s very ientary. he error inits are large,

and computational methods e notichiable (excepta the very nean thieshold impact encrgy 1C£1011).

‘Ihe situation concerning the experimental diffienlves associated with low-cnergy ICS
measurements in conventional clection beam/moleculm can scatter np, experiments Lias been
d detail tecently oy Trajmar and Me Conkey ( 994). Here we efer to beam-cam

seaticring, neastements, whare clectiostatic (possibly ncombination witl magnctostatic) methods

are u ilized for handling, and encrpy selecting the election beanm in the election puncand detector, as

conventional measwements. The major practical problenin this approach relates to the dependen
of the response function of the clectron detector on e residual encipy of e scattered clections.
his function can be calibrated a small es"dug enerpies o made constant with respeet 1o 1esidual

4 Such

cnerpy at higher impact energics, in principle, but wany practical difhculties ¢
calibiation is based on the isotiopic enerpy and angle dependence of ¢lections resulting, from nea

1ot

Ineshold jonization 1 le (Pichou ¢t al,, 978, Brunger ¢l al.. 1990, 991) but the method

applicable at residual encrgies laper than a few ¢V An additional sroblem associated with this
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method (as well as with a simila method dese bed by Nickel et al., 1989) is that the clectron gun
has to be 1etuned when one poes fron he calibration stape to the measurement stage and this can

Lave an eftect on the overall inst ament response function.
1

T o avoid these woblems FeClair etal (1996) inttoduced a time-of-1 ig 1t (OF) approach
for determining absolute inclastic DCS's at fixed impact energics () and scatlering angles (0). In
the present paper we deseribe the application of this TOY mcthod to inclastic DCS neasuremcents
in He, Xe, Ny, and CO at 0 90° and I, ranging from a few tenths of an ¢V 1o about 15 ¢V above
tneshold. These DCS's car serve as sccondary standards for normalizing, the angular dis ibutions
(epresenting, aclative DCS's) mcasured by conventional electiostatic clection-encigy-loss

spectrometers for the smne excitation at a given impact energy as well as other relative inclastic

YCS's associated with neaby energy loss featwes. The eriteria for a neatby encrpy-loss feature s
that the instrwmnent response function can be considered to be the same for it as for the standad
featwie. lectiostatic spectiomete s have better energy resolution than the TOY method. One can,
tharefore, derive individual DCS's for uniesolved excitations of the TOY method by utilizing, the
relative scattering intensities obtained in the conventional mcasurements i combination with the
absolute HCS obtained o1 the unesolved excitations of the TOVF measwement. This procedure was

wsed it e case of Xe oy Khakoo ctal. (996 a and b) and will be demonstiated for the case of N,

here.
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2. xpernimental Apparatus and Procedues

A detailed deseription of the TOF apparatus and its operation has been published cathier (e Clau
¢t al, 1996) but we will present a brief summeay here. Fssentially, the appatatus consists of a
mutually orthogonal clection beamn, gas beam, and dnft tube. ‘These items are placed ina

magnctically shiclded vacuum chamber (residual magnetic field is less than 2 1mnG).

We used a simple election pun which is capable of producing a highly collimated election
beam ol up to 220 n A (in the d.c. mode) from a few to several hundred ¢V impact energies. When
operated inthe pulsed mode, the gun could typically produce paussian shaped pulses with a width
of several ns, depending on the clection impact enerpy (1), We calibrated 1, by observing the onset
of metastable production for cach tarpet gas using a neuttal metastable detector. There were no
enctpy dispersing clements in the electron gun, so the width of the encrgy distiibution (81) was

about 0.6 ¢V, typical of thermoionic sourees.

The drift tube was constructed out of sheet molybdenun. Two apertures at the tabe entrance
wete used to define the view cone which had an apex of 6. The end of the diift tube was terminated
with a piid, followed by post-aceeleration of 450 V onto a 40 i diameter multi-channel detecton
anay. ‘This atray was followed by two identical wrays to further amplify the sipnal. The field fice
dui(t distance Tor scattered elections was 21.6 em, piving an clection time of flight of t= 364N 1,
where E, is the 1esidual encrpy of the scattered clection in eV, The time spent in post-acecleration

1epion was practically constant for the range of 1esidual energics observed with our apparlus,



" (. spectia were acquited by using a standard i ne-to-amplitude converler and pulse height
analyzer operating under the contiol of a pel sonal computer  Using a pulse rate of 100 K1z, the
data acquisition time ranged from Y2 1o 24 s in order to obtain intensities of 10,000 counts or morce
for the features of interest Intensitics were determined fiom € 7 spectia by integrating, the number
of clection counts for the features of interest after the background was subtracted. As the nnpact
enerpy inereased, inclastic features which overlapped were unfolded by a computer program which

ould it multiple gaussians to a specific feature. When two features overlapped by more than their

ull-widths at half maximumn, the unfolding could no longer be applicd with much confidence

A TC  spectium of He is shown in figure - (). Jrom lel toright, the features are duc to
clechions which have scattered clastically, excited the n > manifold of sates (double peak), the

- 3 manifold, and the long, tail atises fiom the higher manifolds and sccondary clections due to

ionization  The fust peak in the n 2 nanifold structure is duc the 2 7S state; it is just barely
csolved from second peak, which arises from the 2 1S, 2°P, and 2 'P states. To aid the identification
of features in the TOY speet a, i is convenient to tansforn “1C. - spectia from the time domain to

(he residual energy domain by a change of variable. That is, 171 cpresents a TO)Y spectram, then

the esidual energy wim F(F) s piven by

K IORN €))

r

We can then plot 191, as a function of encigy loss which is given by AlY . Anexample is
showr o Fig. (), which is an election energy loss spectiam of ‘ig. (a). Onccaw sce that the r
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factor in (1) greatly exaggerates the noise at long flight times. The width of a feature (A1) in an

encrgy loss spectrum is given approximately by

I
PR O (2)
‘844 D

wheie 12, is the average residual enerpy associated with the feature, £ 1s the width of the clection
pulse, and D is the drift distance. 1t can be seen in Iig. 1 (b) that features with high residual energy
(i.e.. clastic scattering) will have alarge width, while features with low residual enct gy have awidth

which approaches the encipy spread of the incident election beain,

Since there ate 110 focussing clements in the diift tube, we assume that the ratio () of the
intensity associ ated with an inclastic feature (7) to that of an clastic feature (7.,) is cqual (o their

corresponding DCS 1atios. That s,

1@, 00 Des,¢, D)
1,0, 0 DCS, (F, O)

0

A (5 ) €)

We use the subseript i to denotea par ticular inclastic channel. 1 Tereafter, we williefeirto R; as the
scattering intensity 1atio for channel i, and it isundet stood 10 berelative to the elastic channel, unless
olherwise stated. The assumption in equation (3) is valid for residual encigics of few tenths of an
¢V orore. Below thatrange, the very weak magnetic fields and pateh clectric fields from metal
sut faces bepin to affect the electron tiajector ies and we Cahnot be certain that the dirift tube is

collecting all of the scatlered electrons.




The sources of uncertainty i our ratio measwements have also been explained carlier They
ainly arise fiom the day to day variations in repeatability (u - to 5%), background contributions by
reflections of the electron pulse (- %), and the uncertaintics associated with unfolding overlapping,
{catuies. The latter, of course, gets for higher 1esidual energics (o1 higher) impact energics
for the same encrgy loss process, and is the primary limiting factor for measurements with the

ywesent instrument. The ¢ ors associated with the inclastic YCS values include, 1 addition to the

above crrors, the errors associated with the clastic DCS's (added in quadratyre).

3 Results and discussion

Measurements were catried out for two atomic (1e and Xe) and two molecular (N, and CO)

specics. he results will be presented for cach species separately and compared to other available

experimental and theoretical 1esults.

3.1 llclium

‘The scatlering, intensity ratios with excitation of the unresolved n: 2 manifold (2
38,218, 230, and 2 'P) [R5 (90)] were measuied at §, 22.2,24.0,26.0, 28.4 and 30.0 ¢V utilizing,
the TOV spectrometer. These impact encrgics were sclected to avoid strong resonances which
appear in the n: 2 excitation and clastic channcls in the near-threshold region as indicated by the
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wotk of Pichou et al. (1 976), Joyez.ctal. (1 976), Brantet al. (1977), Phillips and Wong (1981), and

Allan (199?). A typical TOI spectram and its corresponding encrgy loss spectrumatliy < 26.0 ¢V

isshowninFigs. lTaand 1 b, respectively. The measwed ratios are givenin Table 1.

Using (3), the measured intensity ratios were combined with the elastic DCS values[DCS,
(90 Jicported by Register etal. (1980) 1o yield the 90° DCS values for excitation of the combined
1 2 manifold [CS, , (90)] at each impact encigy. The inclastic DCS values derived by this
approach are more accurate than those obtained so far from conventional encigy-loss spectra and
could be used as secondary standards for normalization of relative angular distributions of n: 2
cexcitation cross scctions obtained from conventional energy-loss spectra. The DCS,, 5 (90) values
derived from the present TOF measur ements and the associated crror limits arce also sum marized in
Table ], This table also contains DCS,, , (90) values obtained from conventional energy-loss spectra
measured by Hallet a. (1 973), Allan (1 w2), Cartwrightetal. @ 992),and Trajma ctal. (1992) as
well as theoretical results from the ?)-state. R-matrix calculations of Yonet al. (1 995) and the
completely converged close coupling, (cee) caculations of Fursaand Bray (1 995). I'orcompletencess
the clastic DCS values used in the present work and obtained by inter polations from the
mcasurements of Registeretal. (1 980)arc aso giveninTable 1. The procedut ¢ for obtaining, the
crrotlimits for the presentiesults have been described above. For other results, the error limits were

taken fiom the original pablications. All DCS,, (90) results arc aso shown and compared in Fig.

The DCS,, , (90) values of Allan (1 99?.) seem to converge to the present TOR results at

around 24 ¢V impact cnergy and are, within (the 1ather large) crror limits, in @8 (¢CIMCL with the



itresults at 1y = 22.2 and 23.2 ¢V. The trend at lower impact encrgies is, however, opposite
{for the two measurements. The &, 29.2 ¢V results of Hall et al. (1973) and the I5,= 30 ¢V results
obtained from the measurements of Cartwiight et al. (1992) and Trajmar ¢ al. ( 992) witl the
present TOY result within the corresponding error limits. ‘The trend in the TOY data with increasing
impact energy is reconcilable with the 4= 39.2 and 48.2 eV results of Hall eta (. 993 and the 4,
= 50 ¢V -csults obtained from the measurements of <la wright et al. ( 992) and Trajmar et al
( 992). The cece calculations of Fursa and Bray (1995) show excellent agregment with the present
TOF values for R, , (90), except at the very lowest impact energies.  should be noted, however,

1at both the ICS,, (90) and JCS,,,, (90) values obtained »y hem are larger than those derived

as
from the present TOF measurements and the elastic measwrements of Register ¢t al ( 980),
respectively. T ne 29-state R-matrix yiclded JCS,, , (90) values which are in agrecinent with other

esults at 13, =~ 31.2 ¢V but about 50% larger than other csults at 1= 28.4 ¢V. This is some what

surprising because one would expect more reliable results a- the lower impact energy

=, "he present results represent considerable improvements in establishing the >roper value of
DCS, (90°) in the>> to 30 ¢V impact energy range and could be utilized to normalize relative
DCS,  (0) angular dist ibutions and i dividual DCS's associated with the individual 2 °S,2'S, 2 *p,
and 2 1 - excitations once their relative values have been established from aigh resolution energy-loss
spectra - Decomposition of DCS, , (90) into individual excitation cross sections can be achieved by
utilizing high-resolution enctgy-loss spectra, obtained by conventional clectiostatic clectron-impact
spectrometers, assuming, that 11 ¢ instrument response function remains constant over the energy-loss
region to he n: 2 manifold excitations. ‘1 iese spectra are not presently available at
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the specific impact energies (and 90° angle) considered here.

3.2 Xenon

I'OF measurements for Xe were carried outat O = 90° forimpact energies ranging from 9
1020 ¢V. A typical energy loss spectrum at ] %=12.0 ¢V is shown in Fig. 3. ;The peak in the 8§.3to
8.5 ¢V energy-loss region, designated as Region 1 corresponds to excitation of the lowest two levels
of Xe.'The feature inthe 9.4 to 10.6 ¢V encrgy-loss region, designated as Region 11, corresponds
to excitation of the next 18 encrgy levels. From the TOV spectia, it was possible to deduce the
scattering intensity ratios for excitation of the combined two lowest levels [R,, (90)] at impact
cnergies of less than15.0 eV, At impact energies of 15.0 ¢V and above, we could determine onl y
the seatiering intensity ratios for excitation of the combined twenty lowest levels corresponding to
twelve features [Ry,, 1o (90)]. At these impact energies, utilizing aconventional electrostatic encrgy-
loss specttometer, wWe determined the relative scattering intensitics for excitation of the combined
two lowest levels with respect to the combined nexteighteen levels. From these two measurements
we deduced the Ry, (90) values, which in combination with the DCS,,,, (90°) values of Register ct
a. (1986), yied the DCS, ,, (90) valucs. The level and region designations and excitation energics
thatwe arc concerned with arc listedin “1'able 2. A summary of the present cross sections and those

avatlable from other experimental and theoretical works arc swimmarized in Table 3 and Fig. 4.

Comparison of the present results with other available data can be briefly summarized as

9



follows. Nishimura ctal. (1 985,1994) and Filipovic et a. (1 988) obtained DCS,,, (90°) values

basced on their measurements of scattering intensity ratios for excitation of these two levels and
clastic DCS's (90°) values, Nishimuractal. (1 985, 1994) used elastic DCS's (90°) measured in a
separate cxperiment (Nishimura ct ai., 1987) while Filipovic et al. (1988) used the clastic 1)(X’S
(90°) of Register et al. (1987). Lster anti Kessler (1994) also obtained the D CS,,, (90°) values by
an absolute measurement scheme.  All these results arc given inTable 3 with their crror limits.
(Nishimuract a. did not specify the error limits.) Theoretical results arc available from first order
many body (Khakoo et al. ] 996), distorted wave (Bartschat and Madison1987,1992 a and b, and
199S) and relativistic distorted wave (Zuo et al. 1991, 1992 a and b) calculations. As can be seen
from Table 3 and Vig. 4, there arc large discrepancics among the experimental results and between
experimentand theory. None of the theoretical approaches discussed here arc reliable at low impact
enerpics.  Itwould be valuable to carry out calculations in this energy range bascd on the closc

coupling method.

Thepresent 1x%1,2 (90°) values represent a significant improvement in the errorlimits and
fills the gap between the threshold and 15 ¢V impact energy range. ‘They could serve as sccondary
standards fornormalizing inclastic 1 JCS (0) curves. Indeed this was done by Khakoo ¢t al. (1996a)
to obtainabsolute 1)CS,,, (0) valucs at 10, 15 and 20 ¢V impact encrgies over the 0° to 135 c angular
range and with these inturn DCS (()) values for excitation of the next 18 states in Xe (Khakooct al.

1996)).

10



3.3 N itrogen

Inthe case of N, TOF measurements were carried outat 0: 90° at impact energics ranging
fiom 7.() ¢V 10 20.0 cV. The present ‘I’ O1; method can not resolve individual electronic transitions
but only regions of the energy-loss spectra which correspond to several overlapping  electronic
transitions and their vibrational band structures. These regions and the corresponding electronic
states arc listed in Table 4 and arc shownin a typical cnergy 10ss spectrumin Fig. 5. Region 1
extends from 6.5 10 10.8 ¢V encrgy loss and contains seven electronic state excitations (A 357, B 11,
WHA, a M, WA, a’ 'y, and BY*2). A sccond group of excitation features appears in the TOI
specttainthe 10.8to 124 eV encrgy-loss range which wc designate as Region1l. This feature
conl ains the excitation of the CI1, I -‘L‘:, and a'”ﬁ; sates. At 14 ¢V or higher impact encrgics,
a third feature appears in the 12.4 to 13.5 ¢V energy-loss reg ion which we designate asRegion 111.
This feature contains the excitations of cight electronic states (b 11, D 3%, G 211, ¢ ', ¢/ '8, ¥

1, 0 11, and b* '3:0). Two additional features appear in the TO) spectra at higher impact energics
but the relative scattering intensitics associated with them can not be meaningful ly evaluated. From
the TOF spectra we determined the scattering, intensity ratios for Regions 1, 11, and 11 within error

limits of 4 5%, 4 15 %, and 50 %, respectively. These ratios arc given inTable 5 andin Fig. 6 at

impactenergicsranging from 7.5102 O.0CV.

Utilizing, he 90° elastic 1CS results of Shynand Carignan (1 980), we converled the TOF
tat ios to DCS,; (90) and 1CS,, (90) values corresponding to excitation of the combined electronic
states contained in these regions. In doing these conversions, we look the intensity ratios to be equal
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Lo the corresponding DCSratiosand neglected possible contributions to the. elastic feature in the
TOY spectrafrom pure vibrational excitations. “1 ‘hescassumptions are well justified based on the
TOFmethod (1 .cClair et al., 1 996) and on the vibrational excitation cress sections as measured by
Tanakacta. (1981). The DCS, (90) and DCS;; (90) values and associated ciror limits arc also listed
in‘1'able 5. A comparison of the present 1 )CS,; (90) and DCS;; (90) results to those obtained from the
mcasurcments of Cartwright cl a. (1 977) and Brunger and Teubner (1 990) is given in ‘1'able 6 and
shown in Figs. 7 aand b. Thosc authors determined the relative DCS's asseciated with excitation
of individua levels of N, from conventional encrgy-loss speetra by unfolding techniques similar to
ours. (Cartwrightet a. (1 977) normalized the relative inclastic 1 XX’s to the elastic DCS's of
Srivastavact al. (1976). Trajmar ct a. (1 983) renormalized the inclastic 1 XX’ S based on asomewhat
improved clastic N, DCS set.  Wc used these renormalized inelastic DCS'sin the present
comparisons. Brunger and Teubner utilized their own elastic 1 )CS's for normalization. The error
estimation is somewhat subjective (no rigorous procedure can be applied) and some authors arc more
conservative than others. The error limits given in Table 6 weire obtained from the corresponding
papers and they include the estimated errors for the scattering intensity ratio mcasurcment as well
as the crrors associated with the elastic DCS's. (The deconvolution errors were not considered here,
since we arc dealing with the combined inelastic processes inan energy-loss region.) It can be seen
fromFips. 7 aand b that the results obtained by various rescarchers differ substantial y and that the
crror limitsare large. The two conventional measurements agree in general within these large crror
limits butin most cases do not overlap with the 1O} results within the combined error limits.
Recent measurements by Zobelet a. (1996a) yielded inclastic 1)CS's atimpact energics ranging

from 0.1 to 3.7 ¢V above threshold. These measurements were carried out at constant residual
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energics and utilized the Hear-lhrcsim]d ionization behavior of He for calibrating the instrument
function. It is not{casible to extract DCS,; (90) and 1)CS;; (90) valucs from these experiments
(Franck-Condon factors may not apply, there are difficultics associated with generating allindividual
clectronic state excitation cross sections at fixed impact encrgics from the fixed residual energy data,

cte.).

In order to obtainabsolute differential cross sections for excitation of individual electronic
and vi brational levels at 90°, bad on T'OF normalization, one nceds conventional energy-loss
spectra with sufficient resolution to yicld relative scattering intensities for these individual
excitations. These relative intensities can then be combined with the absolute DCS values obtained
by the 'TOY method for the corresponding energy-Ims region. 'T'o demonstrate this procedure, we
produced conventional energy-loss spectra at a few impact encrgies at 90° scatlering angle (c.g.
Fig. 8) and deduced abso lute DCS's for excitation of the A *2 and C 211, states of N,. Important
comparisons and cheeks can then be made to data obtained by conventional normalization methods

including those of Zobel et al. (1996a).

For the A *¥, stale excitation, DCS (90) values summed overall vibrational levels arc
available from Cartwright et a. (1977) / Trajmar et a. (1984), and Brunger and Teubner (1990). In
these works the validity of the Born-Oppenheimer adiabatic nuclear separation principle was
assumed and Franck-Condon factors were used in the unfolding of the energy-loss spectra. We can,
thercforc, generate 1CS's for individual vibrational band excitations in these two cases. Z.obel et
a. (1996a) produced energy-loss spectra with constant residual energies (corresponding to different
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impactenergies for cach energy-]oss valuc). Since the measurements were carried out at many
residual encrgies, cross sections at fixed impact encergies can be extracted from their measurcments.
| Towever, their measurements were carried out at near threshold impact energics and one cannot
assumc the applicability of Franck-Condon factorsin this region, ‘1 hey reported] XX's for excitation

of the A *x} (v=4,56) and A *» (v:6)levels.

fincrgy loss features up to v = 6 for the A %, state arc not overlapped by other transitions
in the conventional energy-loss spectra and arc clearl y resolved. Therefore, the uncertainties
associated with the unfolding procedure arc climinated. The DCS's for excitation of the v =6 and
the combined v = 4,5,6 levels determined in the present work are compared with those reported by
Zobelet ai., and obtained from the results of Brunger and Teubner anti Cartwright et a. / Trajmar
ctal.in¥igs. 9 a and b and summarizedin ‘1’able 7. The present results arc consistent with and
cornplernent those of Zobcel et al. The values derived from the data of Cartwright et al. / Trajmar ct
al. arc inagreement with the present results within the rather large error limits while those of

Brunger and Teubner arc not.

Results obtained for the C °11, state recitations, with similar procedures as described above
for the A *x} state, arc summarizedin ‘1'able 8 and compared with each other in Iigs 10 for
excitation of the combined v = (), 1, and 2 levels. The various results arc consistent within the rather
large error limits except the 15 and 17.5 ¢V results of Brunger and Teubner. (In this case the
conver sion of the DCS (90) values obtained by Zobelet al. for v = 0,1,2 can be confidently
converled to those for al v since the summed Franck-Condon factors for v = 0,1,2 is 0.96).
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34 Car bon Monoxide

For (X), we carried out TOF measurements at 90° angle for impact cnergies ranging from
0.5101 5.0 eV. Typical energy-Ims spectra arc showninlig.11. ‘1 'he first feature corresponds to
excitation of the a’ll state (in the 6.8 10 7.3 ¢V energy-loss region, designated as Region 1). The
sccond feature, which appears noticcably above 10 ¢V impact encrgics, is dominated by excitation
of the A Tilevel but minor contributions from the a*2*, d 3A, ¢ *% and 1'% excitations arc also
present, ‘Ibis feature extends from about 7.6 CV to 10.0 CV energy loss and is designated as Region
11. Region 1is clearly separated from Regionllat 1, < 10.0 cV. At higher encrgics these regions
overlap and unfolding isrequii ccl to determine scattering intensit ics for individual regions. From
the TOI* spectra, wc determined the scattering intensities ratios associated with Regions land 11 (R,
and Ry, respectively). Utilizing the elastic DCS values measured by Gibson ¢t a. (199S), and
cquation (3), wc obtained DCS's for excitation of the a *11and A 'lI states. Some of these results
concerning R and DCS's for excitation of the a1l state have been presented in our paper describing
the TOI method (1.eClair et al., 1996). All the ratio and DCS values obtained from the present
measw ements, as well as from other measurements and theories, are summarized in Tables 9 and

10 and comparisons arc made in Figures 12 and 13.

The results concerning, the excitation of the a1l electronic stale arc presented and compared
with other available datain ‘1'able 9 and Fig. 12. 1 ixperimental results arc available for comparison
with the present results from Middlcton et a. (1 993) and Zobel ¢t al. (1996 b). Although Zobel et
al. measured the cross sections associated with excitation of the lowest six vibrational levels of the
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a’ll state, their results can be considered to be equivalent to those corresponding to excitation of all

vibrational levels since excitation of the lowest six vibrational levels represent 99.2% of the total
excitation based on Franck-Condon factors (Cartwright, 19'72). Theoretical results arc available
from Sunetal. (1 992) based on Schwinger multichannel variational calculations. lxcellent

agrcement prevails for al experimental data but the theorctical values arc too large at 14> 10 cV.

Resultsconcerning, excitation of the combined six electronic states involved in feature 11 in
the 1'OF spectra arc summarized in Table10 and Fig.13. Results for excitation of the A 'l
clectionic state alone arc aso given for comparison. The 90° 1)CS values obtained for Region 11 and
for excitation of the A '1 state in the various investigations arc inagreement with the combined error

bats.

4.Summary and Conclusions

It has been demonstrated that electron TOI° spectroscopy can be utilized for obtaining
absolute 1 )CS's for excitation processes at low electron impact energies.  Althoughthe energy
resolution of our TOI gpparatus was not sufficient to resolve it 1di vidual electronic t ransit ions, it can
be combined with conventional energy-loss spectroscopy (which is capable of higher energy
resolution) to extract absolute 1 )CS's for many more individual excitations. 1he TOI method is
ap plicable inthe impact energy region from threshold to about 10 to 20 ¢V above threshold
depending on the structure of the energy-Joss spectrum. This is a very important region since
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methods based on near threshold ionization of 1 Ie (like Zobelet a,, 1996 b) arc limited to within
3¢V above threshold and the troublesome cffcct of residual energy dependence of the instrument
response function for conventional electron impact spectrometers diminishes to negligible limits
only at impact energics of about 20 ¢V above threshold. The TOI* method thus fills the gap for

absolute | XCS measurements.

"The TOY calibration method was demonstrated for 11e, Xc, N, and CQ. In general, the TOF
resu ltsare consistent with other available data at the higher and near-threshold impact energics. The
available data arc rather limited and arc associated with large error limits. The TOF approach
repr esents a considerable improvement in the accuracy of the DCS's and is more practical at near
threshold impact energies than the method of Zobcl et al. (1996 b). Further improvements in the
encrgy resolution our apparatus is desirable. It requires the application of an energy sclected initial
clectron beam (which comes with sacrifice in the signal levels). Such an effort isin progressin our
laboratory. *1"here is need for more reliable theoretical results to extend the range of experimental
data to wider energy and angular ranges and to guide the deduction of generaltrends and Consistency

forthel )(S's data base.
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Table 1. Summary of R, (90). DCS,_; (90) and DCS,,. (90) values and associated error limits for He™.

E.  DCS.,(90) 100xR...(90) DCS,.; 90 DCS.., 197) 100 x R 190
(eV} 1 2 2 3 4 5 6 7 $ s s
2.5 168=84 - 5.87+£2.05
21.8 166 = 8.3 - 6.12+2.14 8.01 178.4 449
22.0 165*8.3 - 6.43 £2.25
22.2 162+8.1 550=0.10 8.91+04s - 6.77 £2.37
23.2 154 77 . - 6.96 = 2.44 8.39 1645 5.10
24.0 147274 475+0.10 6.98+0.38 -

24.2 146 =73 - - 7.88 158.0 4.99
25.8 135+ 8.1 - - 7.19 146.5 491
26.0 1332 8.0 4.75=0.15 632+042 -
27.3 126=7.6 - - 6.44 136.6 4.71
284 127+8.8 4.62z0.15 559042 - 8.99
29.2 116 7.0 - - 598=1.20 -
30.0 112+7.8 4612020 5162042 574+ 115 6.78 4.99 115.9 431
31.2 106+ 64 - - - 5.69
39.2 73 = 44 - - 340054 -
40.0 71+43 - - 2.88 75.2 2.82
482 S422.7 - 2.80=0.50 -
50.¢ 5332 2632073 270

@ All DCS are in 107 cm¥/srunts

| Register et al. (1980) - Exp. 6 Cartwright et al. (1992) - FOMBT

2 Present results - Exp. Trajmar etd.  (1992) - FOMBT

3 Cartwright et al. (1992) - Exp. 7 Fon et al. (1995) - 29 statecc

4 Allan (1992) - Exp. 8 Fursa and Bray (1995) - cee e

5 Hal et al. (1973 EXp.




‘1I'able 2. Summary of levelandregion designations and excitation energics for Xc.

10
11

12
13
14

1 evel Encrgy
Designation (eV)
(Moore)
5pt'S, 0.000
6s [’1,), 8.315
6s '/, 8.437 . N
?~€Stow i
6s ['.), 9.447
6s ('), 9.570 i
6p ['/), 9.580
6p [, 9.686
6p [7)], 9.721
6p [/2, 9.789
6p (), 9.821
5d [y, 9.891
sd '), 9.917 .
on |
NUAN 9.934 %57‘ ou I
5d [7/,) 9.943
sd [Ph), 9.959
sd['12], 10.039
sd [*,); 10.159
5d %), 10.220
sd [P, 10.401
7s[1], 10.562
7s 1), 10.593/
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Table 4. ‘lectronic excited states of N, observedin TOIF spectra.

States onset (cV) Regions
Adn! 6.17

B, 7.35

WA, 7.36 1
B3y 8.16

a's, 8.40

a'n, 8.55

w'A, 8.89 v
'l 1.03

1oy, 1.88 I
' 'z (only v=0) 2.25

b1l 2.58

G 2.84

D3y, 12.81

c'n, 1291 1
c 'y, 12.94

F i, 12.98

o'n, 13.10

b iy 1322




["able 5. Summary of the present TOI inclastic to elastic intensity ratios for N,and DCS's derived fiom
them. The DCS,,.. (90) values used are also given.

B, loox 100X loox DCS4, (90)®  DCS, (90) DCS,; (90)
(V) R, (90) R, (90) Ryy (90) (10" cm'’ / s6)

75 0.87 57.0 0.50

8.0 2.42 53.() 128

8.5 4.61 49.0 2.26

9.0 6.81 45.0 3.06

9.5 9.95 42.5 4.23

10.0 132 39.0 5.15

10.s 16.7 37.0 6.18

110 19.0 35.0 .,6.65

115 19.6 330 6.47

12.0 19.9 31.5 6.27

125 20. 1 30.0 6.03

13.0 20.5 4.02 28.5 5.84 115
135 210 7.54 27.5 5.78 2.07
14.0 22.1 10.2 2.07 26.0 5.75 2.65
145 233 10.3 2.85 25.0 5.83 2.58
15.0 241 9.71 4.35 24.0 5.78 2.33
155 254 941 4.14 235 5.97 2.21
16.0 259 8.94 411 22.6 5.85 2.02
165 26.2 8.29 4.70 22.0 5.76 1.82
17.0 26.0 7.96 4.97 215 5.99 1
175 25.7 8.10 5.70 210 5.40 1.70
18.0 253 8.10 S8 20.0 5.06 1.62
18.5 25.1 8.56 5.94 19.6 4.92 1.68
19.0 24.4 8.66 5.8 19.2 4.68 1.66
195 24.3 8.48 7.04 189 4.59 1.60
20.0 24.1 8.00 7'20 185 4.46 148
Lo 4 5% 1150/0 4 50% 41 5% 1 16% 4 21%

@1 e | )CSauie (90) values were obtained by interpolat ion from the measured values of Shyn arrd Carignan (1980).




Table 6. Comparison of present 1O DCS; (90) and DCS,, (90) results for N, with thos¢ obtained from
p1cvious energy-loss spectra measui ed by conventional electrostatic spectrometers.
(All DCS's in 10-]8 ¢m?/ srunits.)®

2 3 I 2 3

10.0 5.09 5.15

12s 10.77 6.03

15.0 10.38 13.70 5.78 3.73 4.90 2.33

7)) 8.09 5.59 211 '

17.5 11.38 5.40 3.84 1.70

20() 1.20 137 4.46 1.20 137 148
Lirrors 1 30% 41 7% 1 16% 1 300/0 1 17% 1 21%

“Y 1 Cactwright et al. (1977)/ Trajmar et al. (1983)
2. Biunger and Teubner (1 990)
3. I'resent TOF




Table 7. Summary of DCS (90) values for excitation of the A *Z], statein \,. The vibrational levels considered for the A *T state are indicated.

E,

QL 7Q0Y 31 TN-R A PR
DCS (90 in 1077 cm* / srunits

v=4

ALK ¢}

N

s all v
(eV) 6] @) (3) ) 1 @ 3) @ ey @ &) 3)
7.30 0.023 0.080
7.50 0.051 0.145
8.50 0.060 0.185
8.6 0.300 1.3
9.00 0.123 0.374
9.50 0.183 0.465
9.80 - 0.1s1 0.466 1.5
10.0 (0.12) 0.172 (0.29) 0.418 1.48
10.5 0.132 0.351
12.0 0.14 0.32 - - (1.59)
125 0.12) - (0.30) . 1.51
14.8 0.12 0.29 . . (1.42)
15.0 (0.16)  (0.061) 0.12 (039 (015 0.9 - 1.98 0.74 (1.45)
17.0 (0.16) (0.38) 1.91
17.5 - 0.14) (0.34) . 1.70
20.0 (0.080)  (0.019) (0.19)  (0.046) 097 0.23 .
20.7 0.0s 0.21 (1.03)
Error £35% 22000 =£20% @ =24% =35% =20% @ ~17% @ =24% = 35%  £20% = 17%

(1) Cartwright et al. (1977)/ Trajmar et a. (1983)

(2) Brunger-Teubner (1990)
(3) present TOF +~ EELS
(4) Zobel et al. (1996)

(5) Mazeauerd. (1972)
Values in parenthesis were obtained from original data using Franck-Condon factors.




Table 8. Summary of DCS (90) values for excitation of the C I, state in X,. The vibrational levels considered for the C ’I1, state are
indicated.
— . DCS(90)in10cm?/ s units o
L v="_ v=0.1.2 all v T
(eV) Y @ 3 @) ) @ ey ) D (2) B o
11.60 - - - 0.104 0172 (0. 179)
12.0 - ©. 014 0.162 0.23 0.266 0.24 0.277)
12,50 - -, - 031 0.473 (0.493)
13.00 - - - 0.691 0.884 (0.921)
140 - - 1.616 2.657 - (2.799)
14.8 - 114 1.528 2.13 2.s0 2.26 (3.000)
15.0 (1.89y (252)  LIO (332) (442 209 - 3.46 4.60 221 -
17.0 (1.01) (1.78) 1.s5 - .
17.5 - (2.97) ' - - (3.46) 1.60
20.0 (0.55)  (0.59) , - - 0.96)  (1.04) - 1.00 1.08
20.7 - 0.57 - - .04 - 1.09 -
£35% . =20%: =25% | £24% £35% © £20% - =22% | +24% £ 35%  +£20% £ 24%

Error |

'

L 22%

(1) Cartwright et al.(1977)/ Trajmar et al. (1983)
(2) Brunger and Teubner (1990)

(3) Present TOF ~ EELS

(4) Zobel et al. (1996)

Values in parenthesis Were obtained from original data by using Franck-Concon factors.




Table 9. Sununary Of inelastic t0 elastic scattering intensity ratios and | CS values for excitation Of the a 3,1 state of CO at
90° scattering angle. For completeness the elastic DCS values arc aso given. All DCS's arcin10'® em?/ s units

DCS a’n (90)

E, (V) 1 0ox R, DCS,, (90)® 1 2 3 4
6.5 4.03 (0.30) 66.0 2.66 25 450
7.0 7.58 (0.07) 60.0% 455 4.2 6.00
75 11.50 (0.20) 54.2 6.24 53
8.0 15.70 (0.20) 49 .5 7.77 6.4 741
85 18.90 (0.50) 45,8 8.66 8.0
9.0 20.90 (0.80) 429 8.97 8.9 8.84
95 20.40 (0.50) 40.5* 8.24 8.6
10.0 18.40 (0.70) 38.7 712 11.91
105 16.20 (0.70) 38.1% 6.17 .- 12.05
11.0 13.90 (0.60) 37.6 5.23
115 11.60 (0.50) 36.7% 4.26 9.98
12.0 10.80 (0.50) 35.5 3.83
125 9.81 (0.50) 34.0% 3.34 8.03
130 9.17 (0.50) 32.7 3.00
135 8.79 (0.50) 3L 2.79 7.02
14.0 8.37 (0.60) 30.9 2.59
145 8.33(0.70) 29.7* 2.47
15.0 8.23(0.80) 28.6 2.35 5.46
16.5 4.33
18.0 391
20.0 151 3.26
22.0
25.0 2.41
30.0 0.83 1.98
40.0 0.36
50.0 0.23
Lirror 4 7% 4100/0 124'lo 1 250/0

@he numbers.in parenthesis give the erior limits (1) for each measurement.
®1he elastic 90° 1S values arc from Gibson etal. (1995). The values denoted by *have been obtained by interpolation.

(1) Present TOY

(2) Zobeletal.(1 996)

(3) Middlctonet a. (1993)
(4) Sunet d. (1992)




“17able 10.

I (eV)

8.25
8.50
9.0
95
10.0
105
11.0
115
1175
12.0
125
13.0
135
140
145
150
20.0
30.0
40.0
50.0

Error %

Summary of inelastic to eladtic scattering intensity ratios and 1DCS values for excitation of the six electronic states
contributing to feature 11 and for the A i state at o = 90° for CO. All DCS's arc in10-"® cm? / stunits.

DCS A '11(90)

DCS,, (90)
1 Oox r,® DCS,, (90)» (1) ) (4)® 2 (3)
(1 L -
0.07
0.17
051
3.8(0.6) 405" 1.54© 0.92
6.6 (0.6) 38.7% 255 2.3 1.51
8.3(0.7) 38.1% 3.16 171
11.0 (0.9) 37.6 4.14 1.98
13.7(1.1) 36.7* 5.03 2.55 -
2.7%
16.3 (1.3) 355 5.79
19.5(1.6) 34.0* 6.63 5.1
22.2(2.2) 32.7 7.26
25.2 (2.5) LT 7.99
29.6 (3.0) 309 9.15
31.3(3.1) 29.7% 9.30
34,0 (34) 28.6 9.72 7.7
2.26 1.66
2.34 1.73
1.12 0.80
0.85 0.58
17 412 4 25 416 124 425

@ The numbers in parenthesis give the error limits (4 ) for each data point.
) The elestic DCS (90) vaues arc from Gibsonet al. (1995). The values denoted by *have been obtained by interpolation.

© The error limits for this data pointarc :117%.

1.49

2.30

3.55

@ Contributionsfromthe ¢y and1'y” excitations at al 1, and in addition from the d 3, excitation at 10 CV wereneglected.
At ¥, = 10 CV ¥ranck-Condon factors Wereused to obtain 1>CS's for all vibrational levels of the final Slate from i esults

obtained for afcw specific vibrational Jevels.

(1) Present TOF

(2) 7obeletal. (1996 b)
(3) Middletonet a. (1993)
(4) Zetner et al. (1996)




Fipue Captions
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9.

(@ Time of flight (I'OF) spectrum for electron scattering by 1 1c at 26 ¢V impact energy
and 90° scattering angle (sce text for explanation ). (b) The encrgy 10ss spectrum
corresponding to the TOF spectrum shown in a.

Differential cross sections for excitation of then =2 manifold statesin 1 Ic at 90°
scattering angle. Eixperimental results: @ |, present; m , Cartwright ¢t al. (1992) and
Trajmar ct al. (1992);¢, Allan (1 992); 4, 11all cl al. (1973). Theorctical results: O,
IFOMBT, Cartwright et a. (1 992) and Trajmar ct a. (1992) (The point at 50 ¢V has been
placed at 49 CV for clarity);a Fonetal. (1995); [1, Fursa and Bray (] 995). Typical error
limits for the present results and for other experimental results arc shown.

1 ‘nergy loss spectrum of Xc obtained from a TOY spectrum at 14, : 12 ¢V and O = 90°.
1)esignation of energy loss features arc indicated as 1 and I1.

Differential cross sections for excitation of the two lowest levelsin Xc at 90° scattering
angle. Experimental results: ., present TOF; ¢ ,lister and Kessler (1 994); m |, Filipovic ct
al. (1988); ., Nishimura cl al. (1 985, 1994). Theoretical results: v, Khakoo et a. (1996);
[1, Bartschat and Madison (1 992 g, b and 1995); a Zuo cl al. (1 991, 1992 a and b). The
points at 30 CV for the latter two theoretical results have been placed at 29 ¢V for clarity.
‘1 'ypical error limits arc indicated and some of the data points arc connccted by arbitrarily
drawing solid and dashed lines through the experimental and theoretical data points,
respectively.

Encrgy-loss spectrafor N, at O = 900 obtained from 1O} spectra. The energy loss region
designation is indicated.

Inclastic to elastic scattering intensity ratios for regions I, 11 and 111 for N, at O : 90°
(given as% of elastic intensity). A fcw representative error bars arc shown.

(@ Differential cross section at 90° scattering angle for excitation of the seven clectronic
states contained in feature 1. ., present TOI; «, Brunger and' 1’ cubner(1990); +,
Cartwrighteta. (1 977) / Trajmar ct a. (1 983). Representative crmr limits arc shown.
‘The data points have been connected by arbitrary smooth curves to guide the eye. (b)
same as (a) except for region 11.

1 <nergy-loss spectrum of N, at 14, = 15.0 ¢V, O = 90° obtained by a conventiona
electrostatic spectrometer. The two electronic states and their vibrational structure, for
which no overlap from other electronic states occurs, arc indicated.

(a) Differential cross sections for excitation of the v = 6 vibrational level of the A 3x}
electronic state in N, at 90° scattering angle. e , present TOV'; ¢, Zobelet al. (1996a)~ v,
Brunger and‘J culmer(1990); s, Cartwright et a. (1 977)/ Trajmar ct al. (1983).
Representative error limits arc shown. ‘The data points have been connected by arbitrary




10.

smooth curves to guide the eye. (b) Same as (8) except for excitationof the combined
vibrational levels v=4,5, and6.

Differential cross sections for excitations of the combined v = O, 1, and 2 vibrational
levelsin the C*11, clectronic state for COat O=90". e , present ‘1'01”; ¢, Zobcletal.
(1996a); s, Cartwright et al. (1 977)/ Traymar et a. (1 983); v, Brunger and 'T'cubner
(J990). Representative error limits arc indicated. The data points have been connected
by arbitrary smooth curves to guide the eye.

Finergy-loss spectra for CO obtained by the TOV methodatli, =9 and 13 CV both at O =
90°. Designations of the energy-loss regions arc shown.

I ifferential cross sections for excitation of the a *11 clectronic state in CO at O = 90°,
Ixperiment: o , present TOY; ¢, Zobclet al. (1996a); ., Middleton et al. (1993). Theory:
[,Sunctal. (1992). Typical error limits arc indicated.

Differential cross sections for excitation of the A '1I state and the combined six electronic
states contributing to feature 11 inthe TOF spectraat o = 90” for CO. For DCS, (90): e
present TOI; O, Zetner et a. (1 996); ., Middleton et a. (1 993). For DCS .Y, (90): ¢,
Z.obelet al. (1996b); 1), Zetner et a. (1 996); A, Middletonet a. (1 993). The DCS;; (90)
andDCS, ', (90) values arc connected by solid and dashed lines, respect ivel y, and typical
error bars arc shown.
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